The control of cellular physiology and gene expression in response to extracellular signals is a basic property of living systems. We have constructed a synthetic bacterial signal transduction pathway in which gene expression is controlled by extracellular Zn 2؉ . In this system a computationally designed Zn 2؉ -binding periplasmic receptor senses the extracellular solute and triggers a two-component signal transduction pathway via a chimeric transmembrane protein, resulting in transcriptional up-regulation of a ␤-galactosidase reporter gene. The Zn 2؉ -binding site in the designed receptor is based on a four-coordinate, tetrahedral primary coordination sphere consisting of histidines and glutamates. In addition, mutations were introduced in a secondary coordination sphere to satisfy the residual hydrogen-bonding potential of the histidines coordinated to the metal. The importance of the secondary shell interactions is demonstrated by their effect on metal affinity and selectivity, as well as protein stability. Three designed protein sequences, comprising two distinct metal-binding positions, were all shown to bind Zn 2؉ and to function in the cell-based assay, indicating the generality of the design methodology. These experiments demonstrate that biological systems can be manipulated with computationally designed proteins that have drastically altered ligand-binding specificities, thereby extending the repertoire of genetic control by extracellular signals.
The control of cellular physiology and gene expression in response to extracellular signals is a basic property of living systems. We have constructed a synthetic bacterial signal transduction pathway in which gene expression is controlled by extracellular Zn 2؉ . In this system a computationally designed Zn 2؉ -binding periplasmic receptor senses the extracellular solute and triggers a two-component signal transduction pathway via a chimeric transmembrane protein, resulting in transcriptional up-regulation of a ␤-galactosidase reporter gene. The Zn 2؉ -binding site in the designed receptor is based on a four-coordinate, tetrahedral primary coordination sphere consisting of histidines and glutamates. In addition, mutations were introduced in a secondary coordination sphere to satisfy the residual hydrogen-bonding potential of the histidines coordinated to the metal. The importance of the secondary shell interactions is demonstrated by their effect on metal affinity and selectivity, as well as protein stability. Three designed protein sequences, comprising two distinct metal-binding positions, were all shown to bind Zn 2؉ and to function in the cell-based assay, indicating the generality of the design methodology. These experiments demonstrate that biological systems can be manipulated with computationally designed proteins that have drastically altered ligand-binding specificities, thereby extending the repertoire of genetic control by extracellular signals.
T
here is considerable interest in constructing synthetic signal transduction pathways to control cellular physiology and gene transcription (1, 2) . In addition to the potential benefit in the study of complex networks that are not readily amenable to genetic analysis (3, 4) , such engineered systems have numerous potential biotechnological applications (5, 6 ). Here we report the rational design of a synthetic bacterial transcriptional control system that is activated by extracellular Zn 2ϩ . Using structurebased computational design methods (7), we have converted the periplasmic Escherichia coli ribose-binding protein (RBP) into a specific receptor for Zn 2ϩ and demonstrated its potential utility as a biosensor. This designed protein has also been introduced into a strain containing a chimeric two-component signal transduction pathway linking binding of ligand by RBP to transcriptional activation of a reporter gene (8) . The construction of such a system demonstrates the opportunities for developing metalmediated synthetic signal transduction pathways for which there are no naturally evolved examples known. Synthetic pathways may be used for cell-based detection of metals in the environment (9), or for the control of gene expression with inexpensive zinc salts in bioprocessing (6) .
The bacterial periplasmic binding proteins (PBPs), including RBP, are involved in chemotaxis and solute transport (10) . PBPs are well suited for the design of proteins with radically altered ligand-binding specificities by computational design techniques (11) (12) (13) . Metal-binding sites can be designed in proteins by using an automated computational design procedure that predicts positions in the three-dimensional protein structure at which the residues interacting directly with the metal according to a predefined geometry can be introduced by mutagenesis to form the desired primary coordination sphere (PCS) (14) . Using this algorithm, a variety of metal centers have been constructed in several proteins (15) (16) (17) (18) (19) (20) (21) , including maltose-binding protein (12) , another member of the PBP family. Most of these earlier metalloprotein designs considered only mutations necessary to construct the PCS, without taking into account additional changes to optimize the interactions of the PCS with the surrounding protein matrix. It has been shown that residues in this secondary coordination sphere (SCS) make important contributions to metal affinity (11, (22) (23) (24) (25) (26) (27) , selectivity (28) , and control of activity (12, 19) . Here we design both the PCS and SCS simultaneously, rather than by optimizing the SCS in design iterations subsequent to design, construction, and characterization of the PCS. The mutations required to construct the SCS were predicted by using a deterministic algorithm that designs sequences to optimize packing interactions in proteins (29, 30) .
The periplasmic binding protein family has also proved useful for the construction of reagentless biosensors (31) (32) (33) . PBP family members representing a wide array of ligand-binding specificity (sugars, amino acids, metals, anions, and cations) have been converted into reagentless, protein-based biosensors through the use of systematic cysteine-scanning mutagenesis, coupled with conjugation of environmentally sensitive fluorophores (31, 34, 35) or redox centers (33) . The resulting optical and electrochemical biosensors have been shown to be useful for ligand concentration determination, even in complex mixtures (33) . The signal change for the optical and electrochemical biosensors is coupled to the large conformational change that occurs on ligand binding, resulting in a substantially altered chemical environment around the fluorophore or redox center. The structures of both the open, ligand-free conformation and the closed, ligand-bound conformation have been determined for RBP (36, 37) . The equilibrium between the two conformations, as well as a structural model of the response of an environmentally sensitive fluorophore molecule, is depicted in Fig. 1 . Two-component signal transduction pathways represent a major mechanism by which prokaryotes and a number of eukaryotes, including plants, respond to their extracellular milieu (38) . In E. coli alone, there are at least 32 two-component systems (39) that connect physical and chemical signals to physiological and gene expression responses. Systematic manipulation of such pathways by using engineered receptors responding to nonnatural signals provides a potentially fruitful mechanism by which synthetic organisms can be constructed that respond in a controlled manner to their environment (13) .
Materials and Methods
Molecular Modeling. The mutations to construct the PCS were calculated as described (12, (15) (16) (17) (18) (19) (20) . SCS mutations were constructed around a PCS by using a modified dead-end elimination algorithm (30) . SCS calculations used a pairwise, semiempirical potential function to describe the atomic interactions, containing steric and hydrogen-bonding terms to describe short-range interactions, and a semicontinuum model to describe solvation effects (30) . Steric interactions were described by a modified Lennard-Jones potential:
where A and B are atom pair-dependent parameters, and s(r) is a function that widens the repulsive potential well linearly relative to the standard form of this potential without changing r 0 , the equilibrium interatomic distance, according to the equation s(r) ϭ min(r, r͞␣ ϩ r 0 (1 Ϫ 1͞␣), with a stretching parameter, ␣ (set to 1.1). This effectively constructs a ''fuzzy'' atom that relaxes steric constraints without altering the preferred (equilibrium) interatomic distances. Solvation energy was described by using an area-dependent term calculated by using an approximation to estimate these areas in pairwise calculations (40 penalizing nonpolar aromatic atom exposure. Polar atoms were not considered buried if they are involved in hydrogen bonding interactions. An explicit, geometry-and hybridization-dependent hydrogen-bonding term was used (30) . Additionally, a mechanism was used to enforce formation of hydrogen bonds to the noncoordinating imidazole nitrogens of histidine residues in the PCS. This mechanism is implemented as a new elimination filter in the dead-end elimination algorithm. On identification of a situation in which all noneliminated hydrogen bond partners for a demanded atom arise from a single residue position, all non-hydrogen-bonding side chains at that position are eliminated. This is a first-level approximation to the general non-pairwise-decomposable problem of requiring that a particular hydrogen bond donor or acceptor be satisfied (the ''hydrogen bond inventory'') (13, 41).
All molecular graphics were produced with the program RIBBONS (42) .
Mutagenesis and Protein Expression. Mutagenesis procedures were as described (11) . Protein was expressed cytoplasmically in the pAED4 vector (43) and produced by fermentation in BL21 cells grown in 2ϫ YT broth. Protein expression was induced with isopropyl-␤-D-thiogalactoside after growth at 37°C to an optical density at 600 nm of 0.5, followed by overnight growth at 22°C. A cleared lysate was prepared as described (11) . RBP was purified by ion exchange chromatography, followed by chelation and gel filtration to remove adventitious metal. Cleared lysate was dialyzed against 10 mM Tris (pH 7.5; 30 ml of dialysate͞1 liter of buffer; four exchanges), filtered through a 0.45-m membrane, and applied to a Hi-Prep Q column (Amersham Biosciences). The column was eluted with a 0-600 mM NaCl gradient in 15 column volumes. RBP was eluted at Ϸ150 mM NaCl. Fractions were pooled and incubated overnight at 4°C with 2 mM o-phenanthroline͞50 mM EDTA, concentrated 10-fold by ultrafiltration (Amicon YM-10 membrane), applied to a preequilibrated S-100 gel filtration column (Amersham Biosciences), and eluted with 20 mM 3-N-morpholinepropanesulfonic acid (Mops) (pH 6.9)͞50 mM NaCl. RBP in the pooled fractions was Ͼ95% pure, as judged by PAGE (Coomassie stain). Protein concentrations were determined spectrophotometrically by using an extinction coefficient, 280 ϭ 1,280
, for each tyrosine residue. In all procedures, metalfree buffers were prepared by repeated dithiazone͞chloroform extractions (44) .
Ligand-Binding Assays. Purified proteins were coupled with the thiol-reactive styryl dye JPW4042 as described (31) . Metal binding was determined by monitoring changes in fluorescence intensity on addition of metal (11) . All solutions are 20 mM Mops (pH 6.9)͞50 mM NaCl at 25°C. Apparent affinities were calculated by fit of the data to a single-site binding isotherm from the total added Zn 2ϩ concentrations (31) . The free Zn Cellular Signaling. Signal transduction was measured in a variant of RU1012 (8, 13) , HH3000, in which the chromosomal copy of RBP, rbsB, was deleted by a gene replacement strategy (48), using a pMAK705 recombinant containing the flanking regions of the rbsB gene [regions 3,933,404-3,933,903 and 3,934,802-3,935,308, numbered according to the complete E. coli genomic sequence (49)], cloned from RU1012 genomic DNA by PCR. Wild-type and designed RBPs were cloned into pACYC under control of the ptac promoter, obtained from the pKK223-2 vector (50) by PCR (pACRBP). The trz HK chimera was constructed by cloning the 663-to 1,353-bp region from envZ and the 1-to 798-bp region of trg, both obtained from genomic DNA [CSH100 strain (51) ] by PCR, and recombining these regions into a ptac expression vector, pTRZ, a variant of pMal-2c (11) , where the malE region has been replaced with the trz reading frame.
The pACRBP and pTRZ plasmids were cotransformed into HH3000 by electroporation, and maintained by selection with ampicillin (100 g͞ml) and chloramphenicol (34 g͞ml) on 2ϫ YT Induction of the ␤-galactosidase reporter gene was monitored enzymatically after lysis of the cultures with chloroform and 0.1% SDS as described (51) . Experiments were repeated in triplicate. Induction levels are normalized to ␤-galactosidase activity in the constructs grown in the absence of ligand.
Results and Discussion
Design. RBP was converted into a Zn 2ϩ -binding protein by using computational design techniques (14) . The variety of coordination number, geometry, and liganding side-chain identity necessary and sufficient to form a Zn 2ϩ -binding site are well understood (22, 53) . We elected to design a tetrahedral site, with a PCS composed of carboxylate oxygens and imidazole nitrogens. This geometry is known to form stable Zn 2ϩ -binding sites and avoids the experimental difficulties resulting from the use of thiols (17) . The calculations were based on a high-resolution x-ray structure of RBP complexed to ribose (37) and were carried out in two phases. First, the program DEZYMER (14) was used to identify locations in the ribose-binding site of RBP sterically allowing placement of a Zn 2ϩ ion and four liganding groups, taken from the set {histidine (N ␦ or N ), aspartate, glutamate (bidentate carboxylate)}. The resulting PCS designs were rankordered according to an energy score that captures the goodnessof-fit of the PCS geometry (14) . A subset was selected in which residues span the interdomain interface such that each domain contributes at least one liganding side chain.
In the second phase of the design the SCS was designed, limiting mutations to those residues within a 15-Å sphere of the PCS center (defined by the Zn 2ϩ ion) that make direct van der Waals contact with one or more residues in the PCS. For all designs considered here, the SCS comprises four residues. A dead-end elimination algorithm was then used to optimize the sequence of the residues in this SCS (30) . In this procedure, all of the residues in the SCS were replaced with 1017-aa rotamers [based on a published rotamer library (54) that has been augmented by additional sampling of torsional angles around the published minima] representing 17 aa (histidine, cysteine, and proline were omitted from the calculation), keeping the other amino acid side chains and the entire backbone fixed. The optimal sequence was identified by determining the global minimum energy of a potential function that describes the molecular interactions in the system, considering Ϸ10 10 possible sequence and rotamer combinations. The potential function is based on a standard semiempirical force field (30, 55, 56) , including a Lennard-Jones potential to represent van der Waals interactions, an explicit, geometry-dependent hydrogen-binding term, and a continuum solvation term to represent the hydrophobic effect. Additionally, a novel term demanding that potential hydrogen bond donors and acceptors in the PCS must be satisfied by the residues in the SCS was found to be critical (13) .
For each of the top three PCS candidates, rank-ordered by the geometrical descriptor of metal center coordination geometry, an SCS sequence satisfying the hydrogen-bonding capacity of the PCS histidines was successfully identified (Fig. 2 and Table 1 ). Two of the sites (B1 and B2) differ by a single change in the PCS, with identical metal location. All sites replace wild-type, ribosebinding residues.
Metal Binding. Binding of zinc was measured for designs with the PCS mutations alone, as well as those with PCS and SCS, using fluorescent conjugates in which the styryl dye JPW4042 was coupled to an engineered cysteine at residue 236 (31) (Fig. 3 and Table 2 ). The emission intensity of fluorophores conjugated at this position changes in response to ligand-mediated conformations and can therefore be used to monitor ligand binding (31) . Wild-type RBP does not bind zinc; conversely, none of the designs bind ribose. In all cases, Zn 2ϩ affinities of designs that contain the PCS alone are one to two orders of magnitude weaker than those of the designs combining the PCS and SCS, clearly indicating the importance of interactions between the SCS and PCS. The combined PCS and SCS designs all have similar affinities for Zn 2ϩ (1-2 M). Although it is likely that the *Subscripts indicate the region in which the residue is located (Fig. 1) . I, N-terminal domain; II, C-terminal domain; H, hinge; ␦ and , imidazole nitrogen that coordinates Zn 2ϩ . † Numbers in parentheses indicate the PCS histidine to which the SCS residue is hydrogen bonded. ‡ Glu in B1, His in B2. § Gln in both designs, hydrogen bonding in B2 only.
metal affinity of these designs can be further improved by either removing vestigial interactions with ribose (11) or manipulation of the intrinsic equilibrium between the open and closed states (57) , no such optimization was attempted, because the attained affinities approximate that of the original affinity of wild-type RBP for ribose (1 M) and are sufficiently strong to mediate Zn 2ϩ -dependent control of gene expression (see below).
All of the designs are highly selective for Zn 2ϩ (Fig. 4) . The first-row transition metals Ni 2ϩ , Co 2ϩ , and Mn 2ϩ all bind with at least 1,000-fold lower affinities. Similarly, Cd 2ϩ and Hg 2ϩ exhibit very weak affinities. This finding is consistent with formation of a rigid binding site that strongly selects for the intended cognate metal ion by disallowing small structural relaxations to accommodate the preferred coordination geometries of other metals (53) . Such a high degree of selectivity is a hallmark of naturally evolved metal centers in proteins (22, 28) .
Thermostability. Thermal denaturation was used to assess the effect of the mutations on protein stability, monitor the presence of native structure by circular dichroism, and compare the midpoints of the thermal denaturation transitions between the apoproteins ( Table 2 ). The stability of wild-type apo-RBP is 58°C. In all cases, the designs that contained the PCS alone are destabilized Ͻ10°C, whereas the designs combining the PCS and SCS have stabilities within 3°C of the wild-type protein. The SCS is therefore clearly important for formation of a stable PCS design, consistent both with the metal-binding observations and the design strategy.
Addition of 50 M Zn 2ϩ to any of the six designs (three full designs and three with PCS alone) has no discernible effect on protein stability (data not shown), suggesting that Zn 2ϩ binds equally well to both the native and denatured states in these experiments, a phenomenon that has been observed in other designs also (17) .
Control of Gene Expression. Binding of ribose to wild-type RBP triggers chemotaxis toward the sugar via a two-component signal transduction cascade (58) . Ligand-mediated formation of the closed form of this receptor is coupled to binding to a transmembrane histidine kinase, which in turn triggers the cytoplasmic signal transduction cascade (38) . A synthetic signal transduction pathway has been constructed that reconnects the ribose-mediated chemotactic response to transcriptional activation of a ␤-galactosidase reporter gene (8) . This artificial pathway uses a chimeric transmembrane receptor, trz, in which the periplasmic domain of trg that interacts with RBP is fused to the cytoplasmic domain of a histidine kinase, envZ. This system was used to characterize the designed receptors in place of the wild-type RBP, thereby testing whether the Zn 2ϩ -mediated conformational change is biologically equivalent to the ribosedependent response. The genes for A, B1, and B2 designs that combine both the PCS and SCS were cloned into a periplasmic expression vector, cotransformed with a plasmid that expresses trz, and assayed in a strain deleted for wild-type RBP. Wild-type RBP exhibits a 10-fold increase in reporter gene expression in response to ribose, but not Zn The thermostability of each of the six proteins did not change discernibly on addition of Zn 2ϩ . The ribose-binding affinity of wild-type RBP is 1 M. The thermostability of the wild-type protein is 58°C. The three sites presented in this study are all based on a four-coordinate, tetrahedral coordination sphere, with the liganding side chains being contributed by histidine or glutamate residues. A critical aspect of the design strategy is the combined construction of PCS and SCS, in which SCS residues satisfy the hydrogen-bonding capacity of the histidine imidazole nitrogen atoms not coordinated to the metal center. Comparison of the designs that contain the PCS mutations alone with those that combine the PCS and SCS show in all cases that the latter significantly outperforms the former. The full designs result in proteins with thermal stabilities comparable to wild-type RBP, metal-binding affinities equivalent to the original ribose affinity, and selectivities for Zn 2ϩ over other divalent cations similar to that of naturally evolved metalloproteins. This finding clearly demonstrates the importance of the interactions between the PCS and SCS.
Two-component signal transduction pathways such as the one redesigned in this study represent an important class of mechanisms by which bacteria respond to their extracellular chemical milieu (38) . These pathways are also widespread in higher organisms such as fungi and plants (59, 60) . The systematic redesign of receptor specificity therefore provides a general mechanism for transcriptional control in a large collection of biological systems, which obviates the dependence on intracellular regulatory ligands used by many transcriptional control systems in widespread biotechnological use (61) . For instance, it is unlikely that the Zn 2ϩ -dependent transcriptional regulation could have been obtained by the reengineering of an intracellular repressor in E. coli, because the cytoplasmic concentration of Zn 2ϩ is tightly clamped to very low intracellular levels in E. coli (45).
One important application for transcriptional control of genes in response to extracellular metals is the construction of cellbased biosensors for the detection of metals in the environment (62) . To date, cell-based biosensors have taken advantage of naturally occurring receptors or transcription factors that bind a metal of interest, combined with the fusion of a reporter gene to a promoter controlled by the corresponding downstream signaling pathway (9) . By engineering periplasmic receptors that can be connected in a modular fashion to downstream pathways, such as was achieved in this study, it is potentially possible to construct ''programmable'' cell-based sensors for a wide variety of chemical threats and pollutants. Furthermore, the computational techniques used to construct the PCS and SCS can be generalized to the construction of complementary surfaces around ligands of arbitrary shape. Using these techniques, receptors functioning in the same synthetic signal transduction pathway as presented here have been designed for several small molecule xenobiotics and metabolites (13) . The repertoire of controllable, synthetic signal transduction pathways has therefore been extended to include both organic and inorganic ligands. 
